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The exercise electrocardiogram has been the subject of
intense research over the last 50 years, as both a diag-
nostic and prognostic method to assess patients with
chronic ischemic heart disease. In 1986, the strengths
and limitations of the technique to predict coronary and
multivessel disease in clinical patient subsets are under-
stood. The diagnostic accuracy of the test is improved
byconsideration ofBayesian theory, multivariate models
and new non-S'I' segment criteria. Post-test coronary
disease risk estimates are best reported in terms of a
conditional probability, rather than statements of "pos-
itive" or "negative."
The clinical indications for exercise testing as a diagnostic
and prognostic method to assess patients with chronic isch-
emic heart disease have evolved in the last 30 years. New
information resulting from electrocardiographic/angiographic
correlative studies, prognostic stratification of clinical pa-
tient subsets according to exercise test results and the in-
creasing role of newer noninvasive methods that supplement
the information obtained from exercise testing and that are
useful in calibrating the functional significance of certain
electrocardiographic findings have markedly enhanced the
clinical utility of the test. In 1986, exercise testing is most
useful in the prognostic assessment of patients with ischemic
heart disease, evaluation of the efficacy of antianginal ther-
apy or revascularization procedures , documentation and
characterization of cardiac arrhythmias and evaluation of
patients with chest pain. Exercise testing is finding increased
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The value of exercise testing in prognostic risk strat-
ification is considerably enhanced by recent reports of
long-term follow-up data in asymptomatic and symp-
tomatic patients. Powerful prognostic information can
be obtained when the clinical, electrocardiographic and
physiologic data from the exercise test are used to for-
mulate the post-test risk of a cardiac event, even in pa-
tients whosecoronary anatomy is known. The changing
role of the exercise electrocardiogram as a diagnostic
and prognostic test is reviewed, with emphasis on the
strengths and limitations of the procedure.
(J Am CoU Cardiol1986;8:1195-1210)
use in the evaluation of patients with pulmonary disease,
chronic congestive heart failure and peripheral vascular dis-
ease (1-9) .
Many physicians have become disillusioned with the di-
agnostic content of the exercise electrocardiogram. How-
ever , exercise electrocardiography remains an important ,
relatively inexpensive and widely used technique in the rou-
tine assessment of patients with suspected and documented
chronic ischemic heart disease. This review will attempt to
place the exercise electrocardiogram in perspective, and will
limit discussion to clinical applications in patients with chronic
ischemic heart disease. The reader is referred to several
excellent reviews on the importance of physiologic exercise
responses and on the use of the exercise test early after acute
ischemic syndromes such as acute myocardial infarction or
unstable angina (10-19) .
Diagnostic Considerations
Historical perspective. In 1901, Einthoven introduced
the string galvanometer to record the electrocardiogram, and
0735-1097/86/$3 .50
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in 1908, published (20) the tracing of a patient who had ST
segment depression after exercise . Although he did not rec-
ognize the clinical importance of this finding, electrocar-
diographic tracings were subsequently published (21- 26),
illustrating ischemic changes that occurred in patients during
spontaneous episodes of angina and acute myocardial in-
farction and in experimental animal models shortly after
coronary artery ligation. In 1928, Feil and Siegel (27) hy-
pothesized that exercise-induced ST segment depression was
caused by reduced coronary blood flow after observing these
abnormalities after exercise in patients with chronic stable
angina . Their data were confirmed by others, and improved
quality of electrocardiographic recording devices and the
ability to record precordial leads after the introduction of
unipolar leads by Wilson in 1933 improved the sensitivity
of the exercise test.
In 1941, twelve years after their initial publication de-
scribing the use of the 9 inch (22.86 ern) two-step test as a
standard reproducible exercise protocol, Master et aI. (28-30)
published data on the use of the postexercise electrocardio-
gram as a means of detecting coronary insufficiency . Criteria
for abnormality included depression of the RS-T segment
of 0.5 mm or more below the isoelectric line or the new
appearance of flat or inverted T waves. Arrhythmias or
conduction disturbances were also considered an ischemic
response . The specificity appeared excellent, and all 34
asymptomatic adults over 40 years had a negative double
standard two-step test. The sensitivity in patients with an-
gina pectoris was 39 and 67%, respectively, in patients who
had a normal or abnormal rest electrocardiogram and was
less in patients who had a previous myocardial infarction.
The late 1940s were characterized by controversy over op-
timal diagnostic ST segment criteria (31-33).
In 1950, Wood et al. (32) noted that an abnormal exercise
test could be produced in 90% of patients with angina pec-
toris who had a normal electrocardiogram at rest if a greater
degree of exercise was performed than during the standard
double two-step test. In their study, patients were encour-
aged to climb 84 steps from the physician's consulting room
to the top landing of the medical building. If the patients
developed chest pain before reaching the top, they returned
down the stairs and were reconnected to the electrocardi-
ograph . The test was then repeated in-hospital under stan-
dardized conditions, climbing up and down a 12 inch (30.48
ern) step. The concept of silent myocardial ischemia was
raised in their early report (32) when 26 patients developed
a typical ischemic tracing after exercise but did not expe-
rience angina during the test.
Sensitivity and specificity. The next two decades were
characterized by a trend toward the use of maximal symp-
tom-limited exercise and improved recording techniques that
permitted tracings to be acquired both during and after ex-
ercise (34,35). Multiple different electrocardiographic lead
systems were tested, and in the early 1970s, exercise electro-
cardiographic results were compared with coronary angio-
graphic findings (36-42). The sensitivity and specificity of
different exercise electrocard iographic lead systems and ST
segment criteria have been reviewed (42,43). The sensitivity
of exercise-induced ST segment depression for obstructive
coronary disease ranges from 56 to 81%, and specificity
ranges from 72 to 96%. The sensitivity of ST segment
criteria for one , two and three vessel coronary disease ranges
from 40 to 84%, 63 to 91% and 79 to 100%, respectivel y.
Correlation of exercise test data with angiographic findings
reveals some of the limitations of the exercise test as a
diagnostic method. In the 1970s, considerable controversy
over the diagnostic usefulness of exercise testing was fueled
by studies (44-47) of asymptomatic subjects with an ab-
normal exercise electrocardiogram who were referred for
coronary angiography and found to have normal coronary
arteries. Editorials such as "Whither the ST segment during
exercise?" and "The exercise test in perspective" were
published (48-52) in an attempt to clarify the use of di-
agnostic stress testing in different clinical patient popula-
tions.
Bayesian theory. The concept of a continuum of post-
test risk based on the pretest risk of coronary disease and
likelihood ratio (Bayesian theory) explains how conditional
probability should be used to report exercise test results
(53-61 ). The theoretical concepts of Bayesian theory have
been confirmed in different clinical patient subsets stratified
by character of chest pain (40,62-66).
Table 1 illustrates the post -test risk of obstructive coro-
nary disease after a symptom-limited exercise test in patients
without previous myocardial infarction stratified according
to clinical presentation. The post-test risk of obstructive
coronary disease ranges from 95% in men with typical an-
gina who have an abnormal exercise electrocardiogram to
less than 1% in asymptomatic women with a normal exercise
electrocardiogram. Consideration must be given to age, sex,
atherosclerotic risk factors, character of chest pain and other
clinical variables in determining the pretest risk; likewise,
the type of exercise electrocardiographic abnormalities (on-
set, depth, configuration of ST segment response , number
of abnormal leads, duration of ischemic response) and phys-
iologic variables (peak heart rate, peak treadmill time , and
so on) must be used to determine the post-test disease prob-
ability for individual patients. Similar concepts apply to the
exercise evaluation of the post-test risk for multivessel dis-
ease in survivors of myocardial infarction.
The predictive accuracy of an abnormal test result for
single or multivessel coronary disease is increased in older
patients, in the presence of several atherosclerotic risk fac-
tors, in patients who have exercise-induced angina or a
decrease in blood pressure during exercise and in patients
with marked electrocardiographic abnormalities that appear
early in exercise, in multiple leads and persist late into the
recovery phase. Modifiers that decrease the risk of coronary
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Table 1. Post-Test Risk of Obstructive Coronary Disease After a Symptom-Limited Exercise
Test in Patients Without Previous Myocardial Infarction
Men Women
Clinical Presentation ECG Abnonnal* Normal! ECG Abnormal Normal
Typical angina 95 50 80 30
Probable angina 85 25 55 15
Nonspecific chest pain 40 10 10 5
Asymptomatic 30 5 5 <I
*Horizontal or downsloping ST segment depression of I mm or more.
tHeart rate 85% or more of age-predicted maximum. All values are in percent. ECG = electrocardiogram.
ECG = electrocardiogram.
disease include younger age, achievement of higher exercise
work loads and absence of exercise-induced J point depres-
sion.
Drug effects and recording position. The onset of isch-
emic ST segment depression, depth of ST segment depres-
sion at submaximal and maximal work loads and number
of ischemic electrocardiographic leads is influenced by an-
tianginal drug therapy (Fig. 1) (67-69). The influence of
such therapy can mask the early onset of ST segment depres-
sion in patients with three vessel or left main coronary
disease and obscure the diagnostic value of this sign as a
marker for more severe coronary disease (70,71).
The depth of ST segment depression and number of
electrocardiographic leads with ischemic changes are ac-
centuated in the supine versus upright position (72-74).
Currie et a1. (72) compared supine versus erect bicycle ex-
ercise in 43 patients with angina and no previous myocardial
infarction. Exercise-induced ST segment depression of I
mm or more occurred in 28 patients during erect exercise
and in all 43 patients during supine exercise. The mean
depth of ST segment depression was 1.3 mm in the upright
position versus 2.6 mm in the supine position. The same
investigators assessed supine exercise in 40 consecutive pa-
tients with chest pain and no coronary disease at angiography
and found a specificity of 82% using the criterion of ST
segment depression of 1 mm or more.
Multivariate analysis. Multivariate techniques have been
used to quantify the incremental diagnostic yield of different
noninvasive tests for the diagnosis and severity of coronary
disease compared with estimates based on clinical variables
alone (75-83). The data provide models whereby the post-
test risk of disease can be estimated and provide another
approach to determining the risk of coronary disease in
different patient populations. In a study of 92 symptomatic
women without previous myocardial infarction, Hung et a1.
(75) used a stepwise linear discriminant analysis of 41 clin-
ical, exercise electrocardiographic, fluoroscopic and myo-
cardial scintigraphic variables to determine which data were
most predictive of coronary or multivessel disease. The
analyses selected a reversible myocardial thallium defect,
coronary calcification and character of chest pain syndrome
as the variables most predictive of coronary disease, and
cardiac fluoroscopic score, thallium score and extent of ST
segment depression in 14 leads as the variables most pre-
dictive of multivessel disease. The same investigators (76)
used multiple logistic regression analysis to assess the in-
Figure 1. The onset of horizontal or downsloping ST
segmentdepression of 0.1 mV or more, the rate-pres-
sure product at submaximal and maximal exerciseand
the peakexercise work time achievedare significantly
different3 hoursafter oral propranolol (PRO) (80 mg),
diltiazem (DIL) (120 mg), nifedipine (NIF) (20 mg)
and 20 minutesafter0.6 mg of sublingual nitroglycerin
(NTG) compared with placebo (PLA). (Reproduced
from Chaitman et a1. [67], with permission from the
American Journal of Cardiology.)
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cremental diagnostic yield of the addition of exercise
electrocardiography , stress thallium scintigraphy and car-
diac fluroscopy to clinical data in predicting the likelihood
of coronary and multivessel disease in 171 symptomatic
men. The most significant variable predictive of coronary
disease was an abnormal thallium scan; for multivessel dis-
ease, the amount of exercise performed was the most sig-
nificant variable. Each noninvasive test incrementally im-
proved predictive accuracy over clinical variables alone.
However, the addition of cardiac fluoroscopy to the exercise
electrocardiogram and thallium scan did not improve spec-
ificity. When the analyses were confined to multivessel dis-
ease as the end point, the addition of thallium scintigraphy
to the exercise electrocardiogram only marginally improved
specificity. The risk estimates determined by these and other
multivariate models require prospective application to val-
idate their predictive accuracy in other patient populations.
Other Electrocardiographic
Diagnostic Criteria
ST segment criteria. Exercise-induced ST segment shifts
remain the most widely used and accepted benchmark of
myocardial ischemia. The criterion of horizontal or down-
sloping ST segment depression of 0.1 mV or more for 80
ms after the J point or ST segment elevation of 0.1 mV or
more for 60 ms after the J point in non-Q wave leads appears
to provide an optimal ratio of sensitivity to specificity . The
criterion of a slow upsloping ST segment depressed by 0.2
mV at 80 ms after the J point is a useful criterion for
myocardial ischemia when the pretest risk is high (84-86).
Rand Q wave amplitude criteria. In early publica-
tions, Bonoris et al. (87,88) reported that an increase or no
change in R wave amplitude in lead CMs immediately after
exercise was suggestive of severe coronary artery disease
and ischemic left ventricular dysfunction , whereas a de-
crease in R wave amplitude was considered a normal re-
sponse occurring in patients without coronary artery disease .
They reported a sensitivity of 63% and a specificity of 79%
for R wave criteria compared with 48% and 59%, respec-
tively , for ST segment criteria. Numerous later publications
(89-92) have shown that R wave shifts are not a reliable
predictor of coronary artery disease. Morales-Ballejo et al.
(93) evaluated regression or progression of Q waves in lead
CMs in 50 patients with coronary disease and 50 normal
subjects to determine the presence or absence of coronary
disease . They reported a sensitivity and specificity of 82%
and 88%, respectively, for Q wave criteria compared with
52% and 74%, respecti vely, for standard ST segment cri-
teria . Nohara et al. (94) assessed change s in exercise septal
Q waves in lead Vs by single photon emission computed
tomography in 107 patients. Of 18 patients who had regres-
sion of Q wave amplitude during exercise , 17 had a septal
perfusion defect and all had left anterior descending coro-
nary artery stenosis at angiography. Of 48 patients who had
progression or no change of Q wave or a new Q wave during
exercise in lead Vs, 90% did not have a septal perfusion
defect; 56% of the 41 patients who had no Q wave at rest
or during exercise had a left anterior descending coronary
artery stenosis . These data support the findings of Morales-
Ballejo et al. (93). Rand Q wave amplitude changes are
not widely used in the routine diagnostic assessment of
patients with chest pain .
U wave changes. U waves in the left precordial leads
of the 12 lead electrocardiogram may occur transiently in
patients with coronary artery disease . In a study by Gerson
et al. (95), 248 patients underwent exercise testing using
leads CCs and aVL, 36 of whom had exercise-induced U
wave inversion. Of 71 patients with left anterior descending
or left main coronary artery stenosis of 50% or more and
no previous history of infarction, 35% had U wave inversion
compared with only 4% of 57 patients without left anterior
descending or left main coronary artery disease and only
1% of 82 patients who had no coronary artery disease. In
this study, U wave inversion was diagnosed if a discrete
negative deflection within the TP segment relative to the
PR segment occurred during or after exercise. Inverted U
waves were not diagnosed if the exercise heart rate increased
to a level such that the QT interval could not be accurately
measured . The findings confirmed earlier observations (32)
using a different technique and less sophisticated electro-
cardiographic techniques that transient U wave inversion is
a useful marker of myocardial ischemia after exerci se (96).
Maximal ST/heart rate slope and quantitative tread-
mill exercise score. Correlation of the maximal rate of
progression of ST segment depression relative to increases
in heart rate (maximal ST/heart rate slope) is reported to be
a more precise indicator of myocardial ischemia than is ST
segment depression alone (97- 105) . Elamin et al. (97) found
100% accuracy in stratifying 206 patients according to the
presence and extent of coronary disease . Numerou s other
reports (98-102) published by the same team of investi-
gators confirmed the initial results. Okin et al. (103) com-
pared exercise electrocardiography with radionuclide cine-
angiography and coronary angiography in 35 patients with
stable angina to assess the value of the S'Tzheart rate slope.
Their data indicate that an S'Izheart rate slope of 6.0 or more
identified three vessel coronary disease with a sensitivity of
89% and a specificity of 88%. The exercise ST/heart rate
slope was linearly related to the exercise change in left
ventricular ejection fract ion, although considerable scatter
was present (103 ,104) . Quyyumi et al. (105) assessed these
criteria in 78 patients presenting with chest pain and found
that the maximal ST segment/heart rate slope had a sensi-
tivity of 90%, but a specificity of only 40%, and was not
useful in predicting the extent of coronary disease . Clearly,
additional studies by other groups of investigators are re-
lACC Vol. 8. No.5
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quired to validate the use of ST segment/heart rate slope as
a marker for the presence and severity of coronary disease.
The diagnostic accuracy of exercise electrocardiography
can be improved by considering the depth of J point depres-
sion, ST segment slope, R wave amplitude, exercise du-
ration and percent of maximal age-predicted heart rate
006-109). Hollenberg et al. (06) described a computer-
derived treadmill exercise score using these variables de-
rived from a Marquette case I system. The score integrates
all ST amplitude and slope changes that occur during the
test from the onset of exercise to the end of recovery and
corrects the depth of the ST segment shift for R wave am-
plitude. The use of the treadmill score increased the sen-
sitivity by 10 to 15% compared with conventional criteria
in 59 patients who had obstructive coronary disease (06),
and was useful in differentiating patients with three vessel
or left main coronary artery disease from those with less
severe coronary disease.
The degree of exercise-induced ST segment depression
can be influenced by R wave amplitude. and perhaps should
be normalized to a standard voltage 010-112). The precise
"gain factor" correction for R wave amplitude requires
further study. In the studies by Hollenberg et al. OIl), the
magnitude of ST segment depression was calibrated to a
standard R wave amplitude of 12 mm in lead Vs and 8 mm
in lead aVF. Hakki et al. (12) determined the influence of
exercise R wave amplitude on ST segment depression in 81
patients with coronary disease. Among the 26 patients who
had an exercise R wave amplitude of less than 11 mm in
lead Vs, only 8% had an abnormal exercise electrocardio-
gram versus 49% of the 55 patients who had an exercise R
wave amplitude of 11 mm or more. The sensitivity of the
exercise test was low in this study; 64% of the patients had
inconclusive results. Exercise thallium scintigraphy in-
creased the diagnostic sensitivity of the test in patients with
a low R wave amplitude.
Computerized Exercise Electrocardiography
A discussion of computer-derived criteria to define ex-
ercise electrocardiographic markers of myocardial ischemia
is beyond the scope of this review. The reader is referred
to several excellent reviews on the subject (113-115). Most
new exercise electrocardiographic equipment processes the
data by computer to assist interpretation. The user should
carefully understand the algorithms used to derive the com-
puter-averaged tracings and should insist on display of raw
data as well as computer-averaged data (Fig. 2).
Software programs are available that incorporate clinical
and exercise test variables into a model to provide a post-
test estimate of the risk of coronary and multivessel coronary
artery disease and that predict the likelihood of subsequent
coronary events. Diamond et al. (16) developed a CAD-
ENZA program that incorporates age, sex, character of chest
pain, atherosclerotic risk factors and other clinical and
exercise test variables to provide a post-test risk estimate
(± standard error) of coronary or multivessel disease. Al-
though the diagnostic accuracy of this and other programs
has been validated, additional research is required to validate
the prognostic accuracy of these programs in other clinical
centers where the patient referral patterns may be different
(59,117). Clearly, in 1986, it is inappropriate to report a
diagnostic stress test in terms of positive or negative.
Supplementary noninvasive testing. Supplementary
noninvasive tests are often required to confirm or clarify the
diagnosis of obstructive coronary disease. These ancillary
techniques include cardiac fluoroscopy, exercise cardioky-
mography, exercise thallium imaging, exercise radionuclide
Lead Raw Averaged Raw
v,
Figure 2. This unusual example of computer-aver-
aged data (center panel) shows a stable baseline and
1.5 to 2.0 mm of horizontal downsloping ST segment
depression; the raw data immediately before and after v,
the averaged tracing show marked baseline drift and
no significant ST segment depression. The raw ex-
ercise electrocardiographic data should always be dis-
played, as well as averaged complexes, before a final
interpretation is made.
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cineangiography and exercise two-dimensional echocardi-
ography (118-139). The diagnostic importance of the tech-
niques is greatest in patients who are asymptomatic or who
have nonspecific chest pain and an abnormal exercise elec-
trocardiogram, in patients with a high pretest risk of coro-
nary disease and a normal exercise test and in patients who
have baseline electrocardiographic abnormalities that render
interpretation of the exercise electrocardiogram difficult.
The radionuclide and echocardiographic tests provide data
on global and regional left ventricular function that cannot
be obtained from exercise electrocardiography alone.
Exercise Doppler echocardiographic techniques are a rel-
atively new addition to supplmentary noninvasive diagnostic
exercise techniques (135-139). The method offers the op-
portunity to noninvasively determine stroke volume, cardiac
output and peak ejection velocity. Bryg et al. (139) reported
pulsed Doppler echocardiographic data in 20 normal sub-
jects and 17 patients with coronary disease during upright
treadmill exercise. In normal subjects, peak ejection veloc-
ity consistently increased more than 80% during exercise,
nine patients with coronary disease had a blunted response,
six patients had a decrease in peak ejection velocity with
exercise and two patients had no change (Fig. 3).
Prognostic Considerations
Historical perspective. In 1953, Master et al. (33) re-
ported 1 to 6 year follow-up data on 300 patients who
underwent a double two-step test. The criterion for an ab-
normal test was ST segment depression of 0.5 mm or more
or isoelectric-inverted T waves in leads I to III, V4 or Vs
after exercise. Among the 150 patients who had an abnormal
test, 24 had a subsequent myocardial infarction or unstable
angina, and 10 died of cardiac causes. Among the 150
patients who had a negative test, only 1 had a myocardial
infarction and none died; 94% of the original study group
was symptomatic. In 1967, Robb and Marks (140) reported
10 year mortality results in 2,224 men, aged 40 to 65 years,
who underwent a double two-step test. The criterion for
abnormality was horizontal or downsloping ST segment
Exerc ise
depression of 0.1 mm or more in leads I, II, aVL, aVF and
V4 to V6 after exercise. The 10 year mortality rate was 27%
in patients with an abnormal test versus 6% in patients who
had a normal test. The investigators noted that junctional
ST segment depression and T wave inversion did not in-
crease the risk of mortality, although increased depth of
horizontal or downsloping ST segment depression resulted
in an increased mortality gradient; 83% of the total study
group were symptomatic.
Selected studies (141-146) that illustrate the prognostic
significance of an abnormal exercise electrocardiogram in
symptomatic patients are illustrated in Table 2. In the study
by Ellestad et al. (141), profound ST segment depression
of 2 mm or more, appearing at less than 3 minutes of the
Ellestad protocol (4 MET), was associated with a 15% in-
cidence rate of cardiac events per year versus only 4% per
year when the ischemic abnormality was less marked or
appeared at higher exercise work loads (~ 8 MET). Podrid
et al. (143) generated considerable controversy after pub-
lication of their study, which showed a low event rate in
patients with "profound" ST segment depression during
exercise. Their study differs from the other studies in that
42 of the 212 patients had no angina at the time of exercise
testing, and the remaining patients may not have been very
symptomatic; only 8% of the total number of patients sub-
sequently underwent cardiac catheterization. The patients
with heart failure or those receiving digitalis therapy were
excluded. The strength of the study (143) is that the data
are not taken from a consecutive series of patients who
underwent cardiac catheterization, although the patient pop-
ulation appears to be highly selected.
Data from other studies (142,144,145) provide important
information on risk group stratification based on exercise
test results in patients with known coronary anatomy. In the
study by Dagenais et al. (144), the annual mortality rate of
patients with horizontal or downsloping ST segment depres-
sion of 2 mm or more in lead CMs was significantly greater
when patients were unable to exercise into stage III of the
Bruce protocol. The risk was significantly less in patients
with preserved exercise capacity. Chaitman et al. (147) stud-
Pre
Stage II Peak
Post
2 m S • Figure 3. Characteristic Doppler ultrasound tracing
in a normal subject showing the typical increase in
peak ejection velocity with exercise. Patients with
coronary artery disease exhibited a blunted response.
Pre and post = before and after exercise, respec-
tively.
Table 2. Prognostic Significance of an Abnormal Exercise Electrocardiogram in Symptomatic Subjects
Men Criteria for Follow-up
Prognosis (Based on ST Segment)
Reference Year n (%) Age (yr) CAD(%) Protocol Abnormality Duration Abnormal Normal Comments
Ellestad 1975 2700 83 80% between NR Ellestad HorDorUSTD;" Annual mortality 9.5% 1.8% Cardiac event rate doubled
and Wan (141) 40-60 yr 1.5 mm; STE;" I rate over 8 yr in pts. with previous MI
mm
McNeer 1978 1472 NR NR 60 Bruce H or D STD ;" I mm; Annual mortality + ECG and Ex duration < -ECG or Ex All pts. had c. cath; 34 pts
et al. (142) STE;" I mm; 2 rate over 4 yr Bruce stage 1Il: 9.3% duration ~ Bruce had CABG
mm if STD at rest stage IV or max
in 12 lead ECG HR ;" 160 Beatsl
min: 1.8%
Podrid 1982 212 100 57 Only l7 pts. Bruce H or D STD ;" 2 mm; Annual mortality <Bruce stage 1Il = 2%/yr 8% pts. had c. cath; 4%
et al. (143) had c. cath USTD;,,2mmat rate 59 mo >Bruce stage III & <IV = - pts. had CABG; pts.
ST 80 in 12 lead 1.8/yr with severe LV
ECG, reproducible >Bruce stage IV = 0.5%/yr dysfunction excluded
on 2 tests
Dagenais 1982 107 92 51 96 Bruce H or D STD ;" 2 mm Annual mortality Bruce stage I = 9.6% (18); Max HR, FAI, univariate
et al. (144) in lead CM, rate over 5 yr stage II = 5.4% (47); predictive of mortality
stage 1Il = 2.8% (39);
stage IV = 0 (3)
Weiner 1984 4083 77 89% > 40 yr 67 Bruce H or D STD ;" I mm Annual mortality + ECG and Ex duration < -ECG and Ex All pts. had c. cath; 36%
et al. (145) in 12 lead ECG rate over 4 yr Bruce stage II: ;" 5% duration 2: Bruce pts. had CABG
stage 1Il < I %
Bonow 1984 117 91 48 100 Ergometer H or D STD ;" I mm Annual mortality 2% 0 Antianginal therapy
et al. (146) in lead CM,; ML rate over 4 yr discontinued; pts. with
LMCD, EF <0.40 and
in angina class ;" III
excluded
CABG = coronary artery bypass grafting; c. cath = cardiac catheterization; + ECG and - ECG = positive and negative electrocardiogram, respectively;
EF = ejection fraction; Ex = exercise; FAI = functional aerobic impairment; H or D or U = horizontal or downsloping or upsloping, respectively; HR
heart rate; LMCD = left main coronary artery disease; LV = left ventricular; Max HR = maximal heart rate achieved; MI = myocardial infarction; NR =
not reported; pts. = patients; STD = ST segment depression; STE = ST segment elevation; ST80 = 80 ms after the J point.
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Figure 4. The 4 year survivalrate of 572patientswith three vessel
coronary disease and left ventricular contraction scores of 5 to 9
stratified by final exercise stage (FS). stat = statistic. (Reproduced.
with permission, from Weiner et al. [145])
ied 83 symptomatic men without prior history of myocardial
infarction who had exercise-induced horizontal or down-
sloping ST segment depression of 2 mm or more and who
underwent cardiac fluoroscopy, thallium scintigraphy and
coronary angiography. Among 38 patients unable to com-
plete stage II of the Bruce exercise protocol , the post-test
risk of coronary and multi vessel disease was 0.97 and 0.88 ,
respectively, and was not modified by the results of cardiac
fluoroscopy or thallium scintigraphy. Among 45 patient s
with ST segment depression of 2 mm or more and peak
work capacity up to or exceeding stage III of the Bruce
protocol , the risk of coronary or multivessel disease was
0.76 and 0.44, respectively. The post-test risk of multivessel
disease was increased from 0.44 to 0.82 when cardiac fluo-
roscopy and thallium scintigraphy were both abnormal, and
was reduced to 0 when both supplemental tests were normal.
These diagnostic data support the progno stic findings of
Dagenais et al. (144 ) in patients who have a strong positive
exerci se electrocardiogram. The Coronary Artery Surgery
Study (CASS) data reported by Wein er et al. (145) include
the result s of 572 patients with three vessel coronary disease
who had a left ventricular contraction score of 5 to 9 (normal
or mildly impaired left ventricular function); the mortality
rate was 47% for 66 patients who were unable to complete
Bruce stage I versu s 0 for 10 patients who were able to
enter Bruce stage V (Fig. 4). In another report from the
CASS study, Weiner et al. (148) reported the 4 year mor-
tality in patients with coronary disease (70% or greater ste-
nosis) who had a negative exercise electrocardiogram and
reached or exceeded Bruce stage III or 85% of the maximal
age-predicted heart rate. The annual mortality rate was 1.5 ,
2.5 and 3.5% per year, respect ively , for patients with one ,
two and three vessel coronary disease (Fig. 5).
The annual mortality rate in asymptomatic individuals
or patients with mild angina appears to be lower than that
in more symptomatic patients (143 ,146 ,149,150). Bonow
et al . (146) reported exerc ise gated blood pool studies in
117 patients who underwent cardiac catheterization; patients
with left main coronary artery disease or markedly impaired
left ventricular function were excluded . In these mildly
symptomatic patients , the mortality rate over a 5 year fol-
low-up period was only 2% a year for patients with an
abnormal exercise electrocardiogram versus 0 mortality in
patient s with a negative exercise electrocardiogram. Ryan
et al . (149) report ed exercise data from the CASS random-
ized trial of asymptomatic or mildly symptomatic patients .
The presence of exertional ST segment depre ssion was not
associated with a significant increase in mortality, even when
ST segment depression of 2 mm or more was observed . The
data support the observations of Podrid et al. (143) for
mildly symptomatic patients.
Atypical chest pain. The prognostic value of exercise
electrocardiography in men and women with atypical chest
pain was evaluated by Manc a et al. (151). The incidence
of myocardial infarction or sudden death was determined
over an average 5.2 year follow -up after a bicycle ergometer
stress test. In men with an abnormal exercise electrocar-
diogram (horizontal or down slop ing ST segment depre ssion
2': I mm), the 5 year incidence rate of cardiac events was
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Figure 5. Four year survival of patients in the CASS
registry who had a negative exerciseelectrocardiogram
and one, two and three vessel coronarydisease. FN =
false negative; TN = true negative; (Reproduced from
Weiner et al. [148), with permission from the Journal
of Cardiac Rehabilitation.i
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18.3% versus 1.9% in patients with a negative test. In women,
the 5 year rate was 4.6% versus 0.3% when the test was
negative. Hossack et al. (152) evaluated the incidence of
hospitalization for angina , coronary bypass surgery, myo-
cardial infarction and mortality in 551 men with atypical
chest pain after a treadmill exercise test. The mean follow-
up interval was 6.2 years. The presence of atherosclerotic
risk factors increased the incidence of cardiac events, and
exercise-induced ST segment depression, exercise duration
and functional aerobic impairment were predictive of sub-
sequent cardiac events. In men without atherosclerotic risk
factors or abnormal exercise predictors, 96% were free of
cardiac events compared with 76% of men with one or more
of the abnormal exercise predictors (p < 0.001). The pres-
ence of atypical chest pain was not associated with cardiac
mortality in men younger than 50 years of age.
Asymptomatic subjects. The prognostic importance of
an abnormal exercise electrocardiogram in asymptomatic
subjects is summarized in Table 3 (153-157). The protocol,
criteria for abnormality and definition of an end point differ
among studies. The risk ratio (probability of an event if the
test is abnormal or normal) ranges from 3.2 to 14. In the
study of McHenry et al. (156), an abnormal exercise elec-
trocardiogram was associated with a 39% incidence rate of
cardiac events over an average 6.3 year follow-up; 89% of
the events were angina . A normal exercise electrocardio-
gram was associated with only a 5.3% incidence of events
over the same time period; however, 73% of the events were
either myocardial infarction or sudden cardiac death. In the
Multiple Risk Factor Intervention Trial (MRFIT), a com-
puter algorithm was used to determine an abnormal exercise
ST segment response (157) . Bruce et al. (155) studied 2,365
clinically healthy men who participated in the Seattle Heart
Watch Study and who were followed up for an average 5.6
years after an exercise test. Subsequent primary coronary
heart disease events, defined as a cardiac event requiring
hospital admission, were more common in patients who had
chest pain during maximal exertion, total exercise duration
of less than 6 minutes with the Bruce protocol , failure to
achieve 90% of age-predicted maximal heart rate and isch-
emic ST segment depression of I mm or more (Fig. 6). The
data from asymptomatic men suggest that the prognostic
information contained in the exercise test is of greatest value
in patients who have atherosclerotic risk factors.
Conversion to an abnormal exercise electrocardio-
gram. In 1970, Doyle and Kinch (158) reported serial ex-
ercise data from 2,003 men who were exercised at least two
times. The criteria for an abnormal post-exercise electro-
cardiogram were horizontal or downsloping ST segment
depression of 1 mm or more , T wave changes consistent
with "focal left ventricular epicardial ischemia" and par-
oxysmal left bundle branch block. Of 75 patients who de-
veloped an abnormal exercise test after initially normal re-
sults, 56% developed clinical manifestations of ischemic
heart disease; the initial manifestation was angina pectoris
in approximately half the subjects. In contrast to these re-
sults, McHenry et al. (156) found that conversion of a neg-
ative to positive exercise electrocardiogram did not sub-
stantially increase the risk of subsequent cardiac events
compared with the risk of an initially abnormal test. In their
study of the Indiana State Police Department, serial con-
version to an abnormal exercise ST segment response in the
absence oflabile ST-T wave changes occurred in 38 subjects
whose mean age was 51 years. The initial manifestation of
coronary heart disease was angina in 10 of the 12 subjects
who developed a cardiac event, a result similar to that ob-
tained in the 23 subjects who had an initially abnormal
exercise ST segment response . Of the 22 patients who had
labile ST-T wave changes before exercise testing, none de-
veloped a subsequent cardiac event.
Exercise-induced ventricular arrhythmias. Exercise
testing is often used to assess patients with serious ventric-
ular arrhythmias (159-167). Occasionally, the exercise test
will be the only test that will provoke a symptomatic un-
derlying rhythm disturbance. The technique may be useful
to identify patients at increased risk for sudden death and
in selecting appropriate antiarrhythmic drugs. Young et al.
(159) reported the complication rate of symptom-limited
exercise in 263 patients with serious ventricular arrhythmias
who underwent 1,377 maximal treadmill tests. The severity
of the underlying arrhythmia disturbance is illustrated by
the fact that 74% of the patients had a history of ventricular
fibrillation or hemodynamically compromising ventricular
tachycardia. During or immediately after the exercise test,
9% of the patients had either ventricular fibrillation, ven-
tricular tachycardia or bradycardia that mandated immediate
medical attention. However , there were no deaths, myo-
cardial infarctions or lasting morbid events. The arrhythmia
complication occurred at peak exercise in 57% of the 32
tests with cardiac events. Clearly , this type of patient should
undergo exercise testing in a hospital environment with an
indwelling intravenous catheter, a physician who knows the
clinical history of the patient and a technician fully trained
in cardiopulmonary resuscitation .
Prognosis of exercise-induced ventricular arrhyth-
mias. The prognostic importance of an exercise-induced
ventricular arrhythmia has to be interpreted in light of the
clinical findings. In a presumably healthy subject, the ap-
pearance of simple or even complex induced ventricular
arrhythmias does not predict subsequent cardiac events. Ex-
ercise-induced ventriculararrhythmias are common in healthy
subjects as well as those ischemic heart disease , and the
incidence increases with age and with greater exercise work
loads. When an asymptomatic subject has exercise-induced
sustained ventricular tachyarrhythmias that are reproduci-
ble, further cardiac evaluation is indicated to rule out a
subclinical cardiomyopathy, myocarditis or silent ischemic
heart disease (160-163).
Table 3. Prognostic Significance of an Abnormal Exercise Electrocardiogram in Asymptomatic Subjects
% Prognosis (Based on ST Segme nt)
Men Criteria for Abnormal Durat ion
Author Year n (%) Age (yr) Protocol Abnormality Tests Follow-up (yr) Abnormal Normal Com ments
Froel icher 1974 7 10 100 20 to 53 Balke or double H or D ST D 2: I mm in 3.2 Ave rage 6.3 yr 8 .6% 1.8% End point: angina, MI, SCD;
et aI. (I53) two-step lead CCs or leads I, % events increased with age ;
III. aYF, Y2 , v; H or sensitivity of treadmill test
D STD 2: 0.05 mm greater than doub le two-st ep
for doub le two-step test
Allen 1980 888 65 NR Ellestad H or D STD 2: 1 mm 5 5 yr incidence Women 6% 3% End point: angina, MI, SCD;
et a!. (154) in any lead; 1.5 mm if 15 Men 16% 5% upsloping STD not predict ive
abnormal STD at rest; of coronary events. STD in
in lead CMs, VI. or men < 40 yr, not predic tive;
vertical bipolar exercise duration < 3 min in
wome n and < 5 min in men
increased risk
Bruce 1980 2,365 100 25 to 69 Bruce H or D STD 2: I mm I l.l 5 yr 4 .7% 1.4% End point: hospital admissio n
et a!. (I55) persisting 2: I min in probability for coronary event or death;
recover y or 2: I mm even t optimal prognostic data
upsloping STD obtai ned by analyzing
persist ing 2: 3 min in conventional risk factors and
recovery in lead CBs several exerci se varia bles
McHenry 1984 9 16 100 27 to 55 Modified Balke H or D STD 2: I mm in 2.5 Average 6 .3 yr 39%* 5.3%t End point: angina , MI , SCD; *of
et a!. (156) lead CCs 9 events. 8 were angina; tof
44 events, 25 were MI and 7
were SCD
MRFIT 1985 6,205 100 35 to 57 Graded treadmill ST segmen t integra l 12.2 5 yr 42 .4 8.0% Cumulative mortality per 1,000
(I57) exercise depressed 16 Jl-Ys in men; high risk asymptomatic
leads CSs, aYL, aVF, population based on
Vs Framingham score; usual care
group
SCD = sudden cardiac death ; other abbreviations as in Table 2.
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Figure 6. Of 2,635 clinically healthy men who
participated in the Seattle Heart Watch Study,
absenceof clinicalrisk factors and less than two
exercise (Exer.) risk predictors were associated
with a very low incidence of primary cardiac
events. In contrast, clinical risk factors associ-
ated with two or more exercise risk predictors
were associatedwith a relativelyhigh incidence
of primary events. (Reproduced from Bruce et
at. [155], with permission from the American
Journal of Cardiology. )
In symptomatic patients with ischemic heart disease,
complex ventricular arrhythmias are more common in pa-
tients with left ventricular contraction abnormalities and
diffuse coronary disease. In a study of 620 patients with
coronary artery disease reported by Califf et at. (164), the
3 year survival rate of patients with exercise-induced sus-
tained ventricular tachyarrhythmias was 75% versus 83%
in patients with exercise-induced isolated premature ven-
tricular beats and 90% in patients without exercise-induced
ventricular arrhythmias. The progno stic importance of the
ventricular arrhythmias was reduced once cardiac catheter-
ization data were considered. Nair et at. (165) and Weiner
et al. (166) reported the prognostic importance of ventricular
arrhythmias during or immediately after exercise in 280 and
86 patients , respectively. In both studies , the presence of
exercise-induced ventricular arrhythmias was not associated
with an increased cardiac mortality compared with that in
patients without such arrhythmias. However , the number of
patients with complex ventricular arrhythmias was small.
Sami et at. (167) studied 1,486 patients from the CASS
registry who underwent a Bruce treadmill test and cardiac
catheterization and were followed up for an average of 4.3
years . Exercise-induced ventricular arrhythmias were noted
if premature ventricular beats were observed during the test
but not in the 3 minute control preexercise phase. A cardiac
event was defined as death or readmis sion to the hospital
for myocardial infarction, arrhythmia, unstable angina or
heart failure . The 5 year incidence of events was not influ-
enced by the presence of exercise-induced ventricular ar-
rhythmias in patients with or without significant coronary
artery disease . The presence of exercise-induced ventricular
arrhythmias did not worsen prognosi s, even in patients with
limited exercise tolerance. In several of the reported studies,
a detailed analysis of complex ventricular ectopic activity
could not be performed, and the complete exercise tests
were not recorded on tape ; thus, significant ventricular ar-
rhythmias may have been missed.
Clinical Implications
An exercise test result has to be interpreted in light of
clinical findings. In most asymptomatic, apparently clini-
cally healthy subjects, an abnormal exercise electrocardio-
gram does not indicate obstructive coronary disease, par-
ticularly when the electrocardiographic abnormalities appear
at moderate or high exercise work loads. In several studies
of asymptomatic individuals , the initial cardiac manifesta-
tion during follow-up after an abnormal exercise electro-
cardiogram is angina pectoris and not myocardial infarction
or sudden cardiac death . Extrapolation from prognostic stud-
ies in symptomatic subjects indicates that the cardiac event
rate in patients with known coronary disease is relatively
low when patients are able to achieve a high exercise work
load. The data indicate that coronary angiography may not
be necessary in this type of mildly symptomatic patient.
Marked electrocardiographic changes at low exercise work
loads in an asymptomatic subject with a high clinical pretest
risk require s further evaluation . Perhaps the greatest diag-
nostic value of exercise testing is in patients with atypical
angina who have an intermediate pretest risk of coronary
disease and in whom the presence or absence of marked
electrocardiographic changes is helpful in formulating a de-
cision for coronary angiography. In women with atypical
angina, diagnostic exercise electrocardiography should be
performed with supplemental diagnostic procedures as part
of the initial diagnostic assessment of chest pain.
The main indications for performing an exercise test in
patients with typical angina are to establish functional ca-
pacity, determine a baseline for repeat measurements in
subsequent years , assess an antianginal drug therapy and
revascularization procedures and have a prognostic risk es-
timate that can be used to formul ate decisions about indi-
cations for coronary angiography and revascularization pro-
cedure s. Coronary artery bypass grafting has been shown
to improve survival in patients with left main coronary artery
disease and in mildly symptomatic patients with three vessel
coronary disease and impaired left ventricular function
(168-171 ). The European Coronary Surgery Study (172)
reported improved survival after coronary bypass surgery
in patients with three vessel coronary disease and normal
left ventricular function and in patients with two vessel
coronary disease and 75% or more narrowing in the proximal
segment of the left anterior descending coronary artery.
Thus, the presence of marked exercise electrocardiographic
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abnormalities in men and women with typical angina, which
are often associated with more severe coronary artery dis-
ease and an adverse prognosis, should mandate early coro-
nary angiography and a revascularization procedure if clin-
ically indicated. The prognostic data from exercise testing
and natural history studies of symptomatic patients with less
severe obstructive coronary artery disease suggest that in
selected patients, coronary angiography can be deferred when
symptoms are mild and the electrocardiographic abnormal-
ities appear at moderate to high exercise work loads.
Many new diagnostic electrocardiographic criteria have
been proposed in recent years, and new supplemental di-
agnostic procedures have been introduced. The role of ex-
ercise testing in the diagnostic and prognostic assessment
of patients with suspected or proved ischemic heart disease
has been established after more than 50 years of investi-
gation. The new electrocardiographic criteria and supple-
mental diagnostic procedures require additional study to
determine their role and cost-effectiveness in the exercise
evaluation of patients with ischemic heart disease.
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